1. Introduction {#s0005}
===============

The severe acute respiratory distress syndrome-associated coronavirus-2 (SARS-CoV-2), etiologic agent of Coronavirus disease 2019 (COVID-19), emerged in December 2019 in Wuhan, China \[[@bb0005]\]. Now a global pandemic \[[@bb0010]\], the virus has infected over 2.2million people and claimed the lives of over 150,000 people \[[@bb0015]\]. The majority of people with COVID-19 have a self-limited illness; however, high mortality rates have been reported in the elderly and certain immune-suppressed populations \[[@bb0020], [@bb0025], [@bb0030]\]. Although there is evidence of vertical, intrauterine transmission \[[@bb0035],[@bb0040]\], propitiously no maternal or neonatal mortalities have been reported to date.

The SARS-CoV-2 virus shares its name with the SARS-CoV virus, which caused the 2002 outbreak in south China, as well as symptomology and a common cellular entry point, angiotensin converting enzyme 2 (ACE2) \[[@bb0045], [@bb0050], [@bb0055], [@bb0060]\]. ACE2 is a zinc metalloprotease involved in the homeostatic balance of the renin-angiotensin-aldosterone axis, and is expressed in a variety of tissues including the nasopharynx, lung, and intestines, accounting for COVID-19\'s symptomatology of respiratory and digestive distress and diarrhea \[[@bb0020],[@bb0065]\]. There are myriad mechanisms working in concert that seed the clinical and pathologic features of COVID-19; this virus is endotheliotropic, damaging endothelium primarily through complement activation and also causing vascular thrombosis \[[@bb0070]\].

There is emerging body of literature and earlier evidence from the SARS-CoV era that the ACE2 entry mechanism, and the subsequent post entry deactivation of ACE2 plays an important role in COVID19 morbidity \[[@bb0070],[@bb0075]\]. The ACE2 loss results in a pathologic increase in Angiotensin II over Angiotensin (1--7) tone systemically that leads, through their respective receptors AT1 and MAS, to complement activation, vasoconstriction, and thrombosis \[[@bb0080], [@bb0085], [@bb0090]\]. When ACE2 proteins are internalized and destroyed, or the cell hosting many such proteins are destroyed by the virus, the resultant imbalance of Angiotensin II and Angiotensin (1--7) in the blood decreases the activity of endothelial nitrous oxide synthase (eNOS) \[[@bb0095]\]. eNOS, a potent down-regulator of the production of tissue factor (TF) through nitrous oxide(NO), is also a well-known vasodilator \[[@bb0100]\]. Another effect of this angiotensin subtype imbalance is increasing NOX-2 activity, which produces radical oxygen species that causes cellular damage \[[@bb0105]\]. These inflammatory radical oxygen species react with and thereby are a mechanism for disabling NO, further increasing vasoconstriction \[[@bb0110]\]. The now contracted vessels associated with higher levels of TF and concurrent cellular damage from ROS made by NOX-2 creates a microenvironment conducive for inflammation and thrombosis \[[@bb0115]\].

The same spike protein that gains entry to cells via ACE2 is suspected to activate the mannose-binding lectin (MBL) complement pathway via MASP-2, just as SARS-CoV was shown to do over a decade ago \[[@bb0120],[@bb0125]\]. Complement deposition in major, blood-bathed organ systems can have systemic procoagulant effects. Complement activation product C3a activates platelets \[[@bb0130]\], and C5a increases the expression and activity of the potent coagulation initiator, tissue factor (TF), in both macrophages and the endothelium \[[@bb0135], [@bb0140], [@bb0145]\]. Reciprocally, there is the ability of FXa, thrombin, and FIXa to trigger the complement cascade by acting as independent C3 and C5 convertases \[[@bb0145]\] to create a feed forward mechanism. Uniquely fitting to the proposed MBL-pathway complement activation by SARS-CoV-2, MASP-2 can cleave prothrombin into thrombin \[[@bb0150]\].

Viral-specific thrombus-promoting pathways aside, the placenta has many defenses against hemorrhage that predispose it to thrombosis, most notably high levels of TF in placental trophoblasts and Plasminogen Activator Inibitor-2 (PAI-2) production. After central nervous system (CNS) astrocytes and ahead of lung alveolar cells, placental trophoblasts are the most densely packed TF-expressing cells \[[@bb0135]\]. PAI-2 is a procoagulant suicide-inhibitor of tissue plasminogen activator (tPA) that is unique to the placental trophoblasts and to a far lesser extent, macrophages \[[@bb0155]\]. The inhibitor to fibrinolysis is nearly undetectable before pregnancy, and rises over the gravid course \[[@bb0160]\]. PAI-2 forms dense polymers in the placenta, and may be fragmented and activated by redox potential \[[@bb0165],[@bb0170]\], and an important connection to the previously-discussed effect of Angiotensin II predominance on NOX-2 which produces oxidizing free radicals.

In combination, the inherent thrombophilic state of pregnancy state including increased FVIII and vWF activities \[[@bb0175],[@bb0180]\], the prothrombotic effects SARS-CoV-2 infection pathology, and placental physiography and molecular mechanics, provides a logical explanation for why placentas in COVID19 infected patients could potentially be susceptible to thrombus formation, as illustrated in the following 5 cases. Key placental histology is reviewed compared to healthy, normal-vaginal-delivery placental as a control. Components of complement activation and viral staining are explored to see whether or not there is direct infection of the placenta.

2. Materials and methods {#s0010}
========================

2.1. Complement immunohistochemistry {#s0015}
------------------------------------

Routine light microscopy and immunohistochemical assessment for the deposition of C5b-9 (membrane attack complex, MAC), C3d, and C4d via a diaminobenzidene technique was conducted on formalin-fixed tissue. Identification of C5b-9, C3d, or C4d within epithelial basement membrane zones, elastic fibers, or the elastic lamina of vessels was considered nonspecific staining. Immunohistochemical (IHC) staining was performed using C3d (Cell Marque, Rocklin CA, 403A-78), C4d (Alpco, Salem NH, BI-RC4d), C5b-9 (Agilent, Santa Clara CA, M077701-5) antibodies on paraffin embedded sections using a modified Leica protocol. Heat-mediated antigen retrieval with Tris-EDTA buffer (pH = 9, epitope retrieval solution 2) was performed for 20 min followed by incubation with each antibody for 15 min. Targeted proteins were detected using an HRP-conjugated compact polymer system and DAB as chromogen. Hematoxylin counterstain was mounted with Leica Micromount. The absence of involvement of these complement components in placental tissue was documented by the author (CMM).

2.2. Spike immunohistochemistry {#s0020}
-------------------------------

Our immunohistochemistry protocol has been previously published \[[@bb0185],[@bb0190]\]. The five placental cases and five normal controls obtained prior to 2019 were each tested for the covid-19 spike and envelope protein in a blinded fashion (ProSci, Poway, CA). Optimal pretreatment conditions included EDTA antigen retrieval solution (pH 9.0) for 30 min with dilutions of 1:4000 and 1:500, respectively. The analyses were done on the automated Leica Bond platform with the modification that the Enzo Life Sciences peroxidase anti-mouse/rabbit conjugate (catalogue \# ADI-950-113-0100) was used in place of the equivalent Leica conjugate as this reduced background \[[@bb0190]\]. Each placenta yielded a strong signal for CD59 for the internal positive control.

2.3. Viral RNA In-situ hybridization {#s0025}
------------------------------------

Our in situ protocol for RNA viruses has been previously published \[[@bb0195]\]. In brief, the probe and detection kit were provided by ACD (RNAscope 2.5) (Newark, CA) and the assay was done per the manufacturer\'s recommendations. Positive viral controls for each assay included autopsy tissue from the lung of people who died of covid-19.

3. Results {#s0030}
==========

3.1. Maternal history summary {#s0035}
-----------------------------

All 5 placentas from confirmed COVID-19 patients were delivered at full-term (range: 38 to 40 weeks gestational age). Maternal ages ranged from 26 to 40-years-old. Maternal medical histories were largely unremarkable -- there were no diagnoses of known thrombotic diseases. Antenatal histories were also unremarkable -- there were no cases of gestational hypertension, pre-eclampsia, or diabetes ([Table 1](#t0005){ref-type="table"}). Coagulation tests were sent in only one case (Case \# 1), which showed minimal acceleration of APTT and normal PT, INR, and fibrinogen, typical for gravid state.Table 1Patient information for five RT-PCR confirmed COVID-19 mothers.Table 1CaseGAMaternal ageMode of deliveryMedical and antenatal historyIntrapartum courseLaboratory, abnormal only13935NSVDFocal accreta ×2Febrile to 38.2 °CaPTT:26s\
*\[27.6--36.6\]*Long umbilical cordAlbumin 2.4 g/dL\
*\[3.2--4.8\]*23830NSVDPelvic fractureFebrile to 38.1 °CNone34029NSVDPolycystic Ovary Syndrome, Iron Deficiency AnemiaUnremarkableNone43940Repeat C-sectionHypothyroidism, C-section1088 mL blood loss due to uterine atonyNone53826NSVDC-section, history of IUFDUnremarkableNone[^1]

Nasopharyngeal swabs were collected and sent for SARS-CoV-2 RT PCR testing in the intrapartum period, and all cases resulted positive. Of the 5 cases, 2 mothers had fevers (max temp: 38.2 C) which resolved following administration of acetaminophen. The mothers were otherwise mostly asymptomatic, with only one endorsing a sore throat and a mild cough. None of the mothers required supplemental oxygen and were discharged without complications. The testing for SARS-CoV-2 in asymptomatic patients was due to direct exposure to a person infected with COVID-19.

3.2. Routine histopathology and complement staining {#s0040}
---------------------------------------------------

All five cases showed fetal vascular malperfusion. Specific lesions and other pathology are organized in [Table 2](#t0010){ref-type="table"} . In all cases, there was evidence of thrombosis in larger vessels in the fetal circulation. These thrombosed vessels were found within the chorionic plate and stem villi ([Fig. 1](#f0005){ref-type="fig"}a). While there was evidence of complement deposition within the villi and perivillous areas and decidua similar to the normal placental controls, there was no evidence of complement staining within the larger thrombosed vessels ([Fig. 1](#f0005){ref-type="fig"}b). Frank thrombosis of fetal chorionic plate vessels was seen in 3 cases while in two cases the larger vessel thrombosis was confined to the stem villi ([Fig. 1](#f0005){ref-type="fig"}c). Distal lesions in villi indicative of fetal malperfusion was seen in 2 cases represented in one case as foci of avascular villi ([Fig. 1](#f0005){ref-type="fig"}d) and in another case villous stromal-vascular karyorrhexis (not illustrated). Other findings not relative to thrombosis are shown in [Table 2](#t0010){ref-type="table"}.Table 2Histology.Table 2CaseHistology FVMOther histological findings1Thrombosis, intramural fibrin depositionFocal increase in perivillous fibrin focal chorangiosis, furcate insertion of umbilical cord2Thrombosis, intramural fibrin depositionMeconium3Thrombosis, Villous stromal-vascular karyorrhexisMeconium4Thrombosis intramural fibrin deposition, avascular villiMeconium5Thrombosis, intramural fibrin depositionFig. 1Thrombosis in placental chorionic plate vessels (a). The thrombosed vessel was devoid of complement deposition. Illustrated is C5b-9 stained (b), adluminal thrombus in an artery (c), and downstream effects of occlusion on avascular villi (d).Fig. 1

Five normal control placentas were analyzed in the same manner as the pathologic placentas. None showed fetal vascular malperfusion, avascular villi, nor thrombosis in larger vessels. Complement staining of C3d, C4d, and C5b-9 was found within the decidua and in a number of villi and amidst perivillous fibrin deposition. Overall, the pattern of complement staining was similar between the COVID positive placentas and the COVID negative placentas.

Viral spike protein and viral RNA staining within the COVID-19 placentas was rare, suggesting that direct viral infection of the placentas did not occur and that the effects of thrombosis were due to systemic, not local effects of the virus.

4. Discussion {#s0045}
=============

While perivillous fibrin deposition and intervillous fibrin deposition is normal in every placenta, thrombosed larger vessels in the fetal circulation of delivered placentas is abnormal, as was found in these cases.

Given the prothrombotic nature of the pregnancy state, the high placental expression of TF and PAI-2, and the SARS-CoV-2-related-destruction of ACE2 with the resultant inability of Angiotensin (1--7) to challenge outsized activity of Angiotensin II, placental thrombosis in these 5 patients is not surprising. Since, at the time of writing these patients represent 100% of the confirmed COVID-19 deliveries at New York Presbyterian Hospital, Cornell Campus, we suspect this may be a wide-spread phenomenon among COVID-19 patients. Case 1 featured a long umbilical cord and furcate insertion, which are thrombotic risk factors. None of the other patients had other known causes for thrombotic (VMP) such as cord abnormalities coagulopathies, diabetes or anti-phospholipid syndrome, \[[@bb0200],[@bb0205]\].

Though, all five patients delivered without significant morbidity or mortality to them or their newborns, findings of thrombotic fetal vascular malperfusive pathology or placental thrombosis result in placental insufficiency. All patients were approaching term at the time they developed COVID-19; infection earlier in the gestational course may be less benign, potentially leading to placental insufficiency and associated miscarriages or low birth weight infants.

One point of interest in this pandemic has been irregularities to the pattern of mortality in COVID-19 patients. Some young patients do very poorly without predisposing factors, and Italy suffered a particularly high death rate. One potential reason may be mutations in thrombotic pathways or in complement inhibitory factors like complement factor H which are thought to exist in \~1% of the population \[[@bb0210]\]. Italians have a significant prevalence of a complement factor H mutation that redisposes them to complement activation \[[@bb0215]\]. The absence of findings in this paper of direct infection or complement deposition in the placentas of patients with non-severe COVID-19 infections is comforting. However, we may not yet have encountered a gravid woman with a predisposing thrombotic or complement regulating mutation that would likely have a more severe presentation.

[^1]: GA -- gestational age (w), NSVD -- normal spontaneous vaginal delivery, IUFD -- intrauterine fetal demise.
